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Abstract Increasing demands for water, driven by population growth and socioeconomic development,
environmental regulations and future climate uncertainty, are highlighting limitations on water supplies.
This water-energy-food-environment nexus is not conﬁned to semiarid regions but is emerging as a key
business, societal, and economic risk in humid and temperate countries, where abundant water supplies and
regulation have historically coped with ﬂuctuating demands between industry, power generation,
agriculture, domestic supply, and the environment. In the United Kingdom, irrigation is supplemental to
rainfall, consumptive in use, and concentrated in the driest years and most resource-stressed catchments.
This paper describes an empirical application of a mixed methods approach to integrate agriculture into a
robust decision-making framework, focusing on a water-stressed region in England. The approach shows
that competing demands between sectors can be reconciled and that potential options or portfolios
compatible with multisectoral collaboration and investment can be identiﬁed. The methodological
challenges in forecasting agricultural demand, deﬁning acceptable trade-offs, managing scale and
uncertainty issues, and the importance of engendering open dialogue between stakeholders are described.
The study provides valuable insights for countries where similar emergent issues regarding conﬂicts over
water demand exist.
1. Introduction
Given the need to understand the impacts of a changing climate on the hydrological balances in a river basin,
the competing interests for increasingly limited water supplies, and the varying physical and socioeconomic
drivers of demand that impact on speciﬁc sectors (domestic water supply, industry, and agriculture), it is not
surprising that developing robust estimates of the magnitude and location of changes in future water
demand are complex and often contested. They are, however, essential components in the strategic planning
of water resources at both national and regional levels.
Many of the most severe impacts of climate change are reported to be water related (Stern, 2006) with river
ecosystems and agriculture often highlighted as sectors highly sensitive to change (Kernan et al., 2010; Knox
et al., 2010). Further global warming will likely impact the hydrological cycle, leading to changes in system
response and increased drought risk (Bates et al., 2008; Giorgi et al., 2011) as well as exposure to resource
stress (Watts et al., 2015). Indeed, in the ﬁrst UK Climate Change Risk Assessment, three of the six identiﬁed
risks requiring early intervention were water related, including speciﬁc aspects of natural ecosystems such as
soils, biodiversity, and water resources management (Defra, 2012). However, while the importance of climate
change on water is widely recognized and acknowledged at a national level in the United Kingdom, one of
the major challenges is that at regional and local (catchment) levels, the nuances of the drivers on demand
and impacts on hydrological water balances are less obvious (Watts et al., 2015). As a consequence, regional
climate projections showmuch greater spatial and temporal variability, with disagreement in the direction of
change in critical variables such as precipitation in some regions and seasons (Bates et al., 2008).
For water management, it is also at a regional level that most adaptation responses will need to be imple-
mented. To develop and test appropriate adaptation actions, planners and decision-makers require robust
understanding of the scale and scope of change and the uncertainties surrounding the projections. An
absence of information, or perhaps just a perception of an absence of information, seems to be a major
barrier to taking action (Moser & Ekstrom, 2010). Even when decision-makers deliberately choose approaches
that favor ﬂexible or low-regret solutions, such as scenario-neutral approaches (Wilby & Dessai, 2010) or
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robust decision making (RDM; Lempert et al., 2006), they need a plausible extent of context-relevant futures
against which they can test solutions (Adger et al., 2009). One of the major challenges in water management
is therefore in quantifying the likely magnitudes of future demand within plausible envelopes of uncertainty
and understanding how these differ through space and time between different sectors.
In England and Wales, all water companies (utilities) are legally required under the Water Industry Act (1991)
to produce a Water Resources Management Plan (WRMP) and to submit these to government for scrutiny
(Water UK, 2015). These plans set out the water company investment needs and priorities to deliver a secure
and reliable supply of water under conditions of future climate and socioeconomic uncertainty. This is funda-
mentally important given that the WRMP process is regulated, with water companies having statutory
responsibilities. These plans are updated on a 5-year rolling cycle to ensure there are sufﬁciently reliable
supplies of water to meet anticipated demands from society and changing population demographics over
a 25-year horizon.
The WRMPs also need to be resilient to the effects of climate and socioeconomic change even under condi-
tions where water supplies are already stressed. During drought periods, or under exceptional circumstances
when the risk of reductions in supply becomes signiﬁcant, measures to reduce demand (e.g., through nones-
sential use bans, temporary use bans, or even the use of standpipes in extreme circumstances) or to allow
increased abstraction, beyond levels permitted by an abstraction license, may be granted. Such measures
can have a direct effect on both the general public (e.g., temporary use bans) and the environment (e.g.,
drought permits for temporary changes to abstraction licences) or indirectly on other sectors such as agricul-
ture which can be subject to regulatory or nonessential use restrictions. Water companies therefore need to
strike a socially and economically acceptable balance between the frequency and likelihood of occurrence
of such interventions and the costs of implementing additional supply and/or demand measures to reduce
their recurrence.
In the United Kingdom, water companies are required to specify the frequency with which such interventions
will be permitted as speciﬁc targets in their WRMPs. These are known as Levels of Service (LoS) and constitute
the benchmarks against which an individual company must strategically plan its future investment in
schemes to increase available supply (e.g., storage reservoirs) or reduce customer demand in dry years.
The LoS are formally agreed through a process of public consultation with customers, the water regulator
(Environment Agency, EA) and Water Services Regulation Authority (Ofwat; Water UK, 2015). The overarching
aim of a WRMP is thus to ensure that companies can meet customer demands for water in future dry years
without exceeding the stated LoS. A core objective of a WRMP is to balance supply and demand in very
dry years where water stress on the system’s balance might require triggering one or more drought interven-
tions. Detailed guidance is provided to water companies by the Environment Agency (2013), government,
and Ofwat on how they should manage their future water resources, including drought plans and considera-
tion of resilience and climate change. Guidance also encourages water companies to consider a longer
planning horizon beyond the statutory 25-year minimum period; the regulator can also issue directions on
minimum levels of resilience (Charlton & Arnell, 2001; Water UK, 2015).
In contrast to public water supply (PWS) and the energy sector, the agricultural sector in England andWales is
not formally required to submit plans regarding either its future water demands or any planned strategic
investments. To date, agriculture’s average share of water use, at about 2% of total national water abstraction,
has not warranted special provisions but that demand is highly seasonally variable. Agriculture is also widely
regarded as being one of the sectors most vulnerable to climate change (Falloon & Betts, 2010) due to the
impact of increased temperatures, reduced rainfall, and increased frequency of extreme events, not only in
semiarid environments but also in humid countries such as the United Kingdom (Knox et al., 2010). Here cli-
mate change is expected to impact on land suitability (Daccache et al., 2012) and the future viability of
rainfed cropping and hence demand for irrigation. Furthermore, agriculture represents a consumptive use
of water (in contrast to PWS), with relatively low immediate returns to local hydrological systems.
Estimates of the magnitude and location of future irrigation demand are thus essential for strategic planning
of water resources.
Despite its importance, agricultural demand forecasting is fraught with difﬁculty, as water use for supplemen-
tary irrigation is highly sensitive to changes in agroeconomic policy, agroclimate variability, and resources
availability. There is much uncertainty regarding demand forecasts and irrigation futures, mainly with
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respect to assumptions made regarding climate variability, agricultural management policies, and socioeco-
nomic development, as well as changes in water regulation and available headroom on abstraction licences
(permits). For both agriculture and PWS, the concept of headroom is also critical in water resources plan-
ning (Dessai & Hulme, 2007). It is a measure of the supply-demand balance, with available headroom
deﬁned as the difference between available water and demand, while target headroom corresponds to
the minimum buffer that a business would allow between available water and demand to account for
any uncertainties either in supply or demand. In recent years, guidance has focused more on maintaining
or increasing headroom with demand management-oriented measures (Environment Agency, 2012).
However, supply-side measures (e.g., increasing system connectivity and storage reservoirs), which were
the traditional response, are usually considered more reliable, more certain, and effective in addressing
supply/demand imbalances (Charlton & Arnell, 2011). In the United Kingdom, a twin-track approach which
reﬂects a balance between resource development (e.g., new storage capacity) and demand management
(such as promoting behavioral change, uptake of new technologies, reducing leakage, and implementing
water efﬁciency measures) has evolved to incorporate both supply and demand measures to reduce pres-
sure on water resources (Defra, 2008).
Within the scope of a broader initiative to develop an integrated water resources management (IWRM) strat-
egy for the Anglian region in England, this paper describes an empirical study using a mixed methods
approach to incorporate agricultural sector needs into a RDM framework to improve regional water resources
allocation and management. The approach estimated likely changes in future water demand within speciﬁc
sectors (including PWS, energy, and agriculture) to identify opportunities where potential trade-offsmight be
possible between competing sectors, recognizing the need to maintain environmental ﬂow requirements.
Through stakeholder engagement, a series of options or portfolios considered compatible with supporting
multisector collaboration were identiﬁed. A long-term (up to the 2060s) water strategy for the region could
then be developed to accommodate both future water demands to support sustainable socioeconomic
development while also protecting environmental ﬂows. Future water demands were assumed to be uncon-
strained by current regulations, with any future being relative to a 2015 baseline. The challenge of incorpor-
ating climate uncertainty was addressed through use of new stochastic climatology produced for the United
Kingdom by Guillod et al. (2017).
The research focussed on eastern England, an area recognized as one of the most water-stressed regions
in the United Kingdom, where the majority of irrigated agriculture is concentrated (accounting for >50%
of the irrigated area and volume of water abstracted nationally) and where urban expansion and popula-
tion growth is expected to have the most signiﬁcant impact on household water use, rural land use, avail-
able water supplies, and the aquatic environment. The approach involved integrating a demand
forecasting model to estimate the impacts of climate and socioeconomic change on agricultural water
use, coupled with a regional water resources simulator to assess supply-demand balances and spatial
changes in future water demand. Performance metrics were used to drive a multicriteria search analysis
to identify supply and demand management portfolios and structured stakeholder workshops then used
to identify opportunities for multisector collaboration. A brief description of the case study area is pro-
vided, together with the challenges associated with deﬁning acceptable trade-offs, managing scalar (sub-
regional) issues, modeling uncertainty, and engendering a trusted and inclusive approach to stakeholder
engagement using a RDM framework.
The approach was directly aligned with the concept of IWRM as deﬁned by the Global Water Partnership).
Readers interested in a comprehensive description and critique of IWRM and its principles are referred to
Swiss Agency for Development and Cooperation (2015). Also, of relevance here was recognition of the
need for trade-offs to balance equity, environmental, and economic priorities (3E’s) and compromising
on the right combination of information, institutions, and infrastructure (3I’s) required to achieve the
desired outcome for the region, a process described by Sadoff and Muller (2015) as the ‘art of adaptation’
to reconcile the 3I’s with 3Es for sustainable water management.
2. Case Study Region
The research focused on an area of 30,800 km2 in eastern England that is experiencing rapid socioeco-
nomic development and population growth that is predicted to continue over the coming three
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decades. One water company (Anglian Water Services) is primarily responsible for the water supply and
distribution network (although other companies including Afﬁnity Water, Cambridge Water, and Essex
and Suffolk Water) also operate within the region. In response to concerns regarding future water
supply-demand imbalances, Anglian Water Services have recently initiated a multisector collaboration
between PWS, energy, agriculture, and the environment to develop a long-term water strategy for the
region through a partnership termed Water Resources East (WRE). The WRE rationale builds on experience
from Water Resources in the South East (WRSE) an initiative led by the water regulator (EA) rather than the
private sector. The aim of WRSE was to encourage a number of water supply companies in the southeast
region to beneﬁt from economies of scale and identify collaborative investment opportunities for joint
capacity expansion to provide greater resilience to future supply-demand shocks (von Lany et al., 2013).
While WRSE engaged individual water companies, it was not multisector, since agricultural, power genera-
tion and environmental demands were ignored. Based on IWRM principles, the objective of WRE was to
pioneer a more collaborative approach to water resources planning rather than adopt the traditional
approach in which water companies deﬁne their water resource plans for their respective areas in isolation
from other sectoral needs. WRE therefore seeks to achieve a reliable, sustainable, and affordable system of
water supply in the region and one that will be resilient to the effects of population growth and climate
change. For the water company involved, the outputs will be used to inform submission of their
2019 WRMPs.
The region is also recognized as being one of the driest and most water-stressed in England, with over half of
all catchments deﬁned by the EA, as being either overabstracted and/or overlicensed (Figure 1; Hess et al.,
2010). Average annual rainfall is around 600 mm (less than 70% of the national average), and annual refer-
ence evapotranspiration (ET) averages 530 mm. Future climate projections show an increase in aridity due
to rising temperatures and ET rates and higher rainfall seasonality, with drought periods occurring more fre-
quently and with higher intensity (Rey et al., 2017). It also has critical socioeconomic importance given that
three of the ﬁve fastest-growing cities in the United Kingdom (Cambridge, Milton Keynes, and
Peterborough), the Thames Gateway, and three transport growth corridors are all within the WRE region.
Demographic forecasts estimate that the population will increase by between 0.5 and 6.4 million above cur-
rent levels (10.5 million) by 2100. Nearly 2 ×109-m3 water is currently licensed for PWS of which near half
(47%) is abstracted each year, of which approximately 85% is dedicated to meeting PWS needs and the
remainder (15%) is for water transfers between river basins (Figure 1).
Agriculture dominates the landscape, representing over 80% land cover, within the region. Indeed, due to the
favorable agroclimate, fertile soils, low-lying topography, and dominance of large-scale intensive farming sys-
tems, the region also contains the highest concentration of intensive agricultural and horticultural cropping,
with most fresh fruit, potato, and vegetable enterprises being dependent on irrigation to deliver high quality,
continuous supplies for premium produced to the major retailers and processors. Irrigation is used to buffer
the effects of rainfall variability and to meet the quality assurance standards demanded by the retailers
(supermarkets; Knox et al., 2000). High-value irrigated vegetable cropping typically abstracts 160 × 106 m3
in a dry year (Weatherhead et al., 2015) with half the total irrigated area and 57% of the total volume of water
applied concentrated in the region (Figure 1). Although, on average, the agricultural sector abstracts only
16% of the regional water resources for irrigation, it is predominantly consumptive in use and is highly sea-
sonal. In summer months, daily irrigation abstraction can exceed the total volume abstracted for PWS use
with negative consequences for habitats (Defra, 2008). In some catchments, agriculture is the only water
abstractor. As a consequence, in many catchments in the region, summer water resources are already over-
committed and additional licenses for either surface or groundwater abstractions are no longer available
(EA, 2013).
In economic terms, the agrifood and drink (AF&D) sector in the region accounts for 4% of national Gross Value
Added and 30% of England’s Gross Value Added from the AF&D sector (Ofﬁce for National Statistics, 2016).
The agricultural sector is most closely linked to the environment through its relationship with water; a reliable
supply of sufﬁcient quality is critical for growing crops, raising livestock, processing fresh produce, manufac-
turing food, and as an ingredient in beverages. Finally, the region is also renowned for the high concentration
of national and internationally protected aquatic ecosystems (Figure 1) including SACs, RAMSARs, and SPARs
(Natural England, 2013).
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3. RDM Framework
With the increasing risk of drought and rising future demand for food, energy, and services, there is growing
awareness and concern that a lack of water could severely limit economic growth and regional development.
In response to these multiple water-related risks, the WRE initiative set out to develop an integrated, colla-
borative, and multisector approach to quantify future changes in water demand by sector and reconcile
competing demands through trade-off analysis and stakeholder engagement. The plan was to identify more
efﬁcient, robust, resilient, and cost-effective solutions than would be offered through more traditional single
Figure 1. Regional variation in agroclimate using PSMDmax as an aridity index (a), resource availability at Q50 (b), abstrac-
tion intensity (m3/km2) for public water supply (c), abstraction intensity (m3/km2) for irrigated agriculture (d), distribution
of spray irrigation abstraction licenses in WRE region (e), and total irrigation demand (m3/4 km2). PSMD = potential soil
moisture deﬁcit; WRE = Water Resources East.
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sector studies. For example, this might include reducing demand (by cutting leakage) and increasing supply
by building new reservoirs, recycling, and reusing water, promoting water trading and desalination. It also set
out to challenge current perceptions and attitudes regarding the potential beneﬁts of collaborative water
use, raising important questions such as (i) What levels of demand management are possible? (ii) How can
environmental net beneﬁts be maximized? (iii) How can the net beneﬁts of sharing resources be maximized?
(iv) How can stranded surpluses and the volume of inter-basin transfers be minimized? (v) How can water
allocation ﬂexibility be ensured for the power generation sector? and (vi) What kinds of funding mechanisms
and investment portfolios might be required to meet and prioritize future agricultural demands? WRE was
thus attempting to both articulate what was needed (objective outcomes) as well as the range of mechan-
isms by which change could be effected (water strategy, investment options, and actions). In this context,
it represented the ﬁrst attempt in the United Kingdom to investigate and critique competing water demands
and investment options at a regional level through the lens of an IWRM perspective but most importantly
considering agriculture as a key stakeholder and water-dependent sector.
The WRE study opted for a RDM approach. Such approaches are increasingly being applied in
natural resources management to develop strategies for mitigating highly uncertain risks such as climate
change, long-term population growth, and multiseason drought events. RDM has previously been
applied in England and Wales (Borgomeo et al., 2014); Hall, Watts, et al., 2012b; Matrosov, Padula, et al.,
2013a; Matrosov, Woods, et al., 2013b), California (Weaver et al., 2013), and the Lake Tana Basin (Shortridge
et al., 2016) and have also been applied to support decision making in ﬂood risk management (Hine &
Hall, 2010; Sayers et al., 2012), the development of greenhouse gas emissions policies (Hall, Lempert, et al.,
2012a), and national infrastructure planning (Otto et al., 2016). By combining a regional water resources
simulation model with forecasts of future demand including the effects of climate change, the approach
enables stakeholders and decision-makers to assess a wide spectrum of future resource management and
investment strategies and screen those that would be more robust under a wide range of equally probable
socioeconomic futures.
In this study, the method relied on a water resource simulator that explicitly represents the effects of
changing water abstraction and use across the region. This simulator is a spatially distributed regional water
resources allocation simulator model. It includes the natural (river network) and built water infrastructure
(piped distribution network) to supply different resource zones and seasonal water demands for each sector.
The model runs on a daily time step to assess the surface and groundwater balances for each catchment,
sectoral water demands, and environmental ﬂow requirements to meet EU Water Framework Directive
(WFD 2000/60/EC) needs.
Multicriteria search optimization techniques were then used to quantify the relative performance of a set of
metrics (approximately three for each sector), with analyses visually represented through parallel plotting
software (Polyvis, www.polyvis.org). The optimization process resulted in a large number of options or port-
folios with each reﬂecting a different combination of metrics at regional or subregional level. Using the
Polyvis interface, key informants and stakeholders could then explore possible trade-offs between compet-
ing water demands, the environmental and engineering performance of different portfolios to address any
supply-demand imbalances, and critique proposed interventions (infrastructure investments) that were
shown to be robust under most plausible future socioeconomic scenarios. In contrast to other least-cost opti-
mization techniques which are usually deterministic and assume only one or a limited number of possible
futures, the advantages of the RDM approach here was that it included the capacity to simultaneously eval-
uate a much wider range of climate change, population growth, and water scarcity scenarios using stochastic
modeling techniques to explicitly consider uncertainty in future water supply and demand (Padula et al.,
2013), the ability to search for and test many different options for minimizing supply-demand risks and the
likelihood of, for example, stranded assets due to lack of system connectivity. The RDM approach is also con-
sidered to provide much greater transparency in strategy development and to support inclusive multisec-
toral negotiation and decision making. This includes explicit evaluation of stakeholder preferences for the
most appropriate balance between system resilience, environmental performance, and affordability.
3.1. Description of the RDM Approach
Lempert and Collins (2007) deﬁned RDM as a long-term planning framework devised to help decision-makers
deﬁne future robust management and investment alternatives under scenarios of deep uncertainty which
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was assumed here to occur when the parties involved in a decision-making process do not know, or do not
agree, on the likelihood of future events or the best approach for relating actions to consequences. RDM thus
seeks robust, rather than optimal, strategies that satisfy or exceed minimum performance criteria across a
broad range of plausible futures. In contrast with more traditional decision-making approaches that tend
to follow a predict-then-act framework, the RDM approach executes the analysis in reverse order or
backward starting with one or more alternatives and testing them against multiple scenarios to identify
those that are critical to the plan’s success using a vulnerability and response approach (Lempert et al.,
2013). Ultimately, RDM can help decision-makers develop initially considered strategies into much more
robust plans, or least regret strategies (Hall et al., 2012a, 2012b).
An RDM framework is typically divided into four steps (Figure 2). First, the problem formulation step concep-
tualizes the system under consideration, identifying critical uncertainties (referred to as X), preferred strate-
gies (L), relationships (R), and metrics (M). This is similar to the Drivers-Pressures-State-Impact-Responses
approach (European Environment Agency, 2014). Preferred strategies, or decision levers, quantify an option
that can be used to inﬂuence the system. For example, building a new reservoir could substantially reduce
system vulnerability against future drought events. Metrics are then used to quantify the performance of
speciﬁc actions with regard to the various objectives being pursed in the decision-making process.
Relationships represent the process or processes that determine the consequences of selected strategies
quantiﬁed by the output metrics.
Second, in the portfolio generation step, a single strategy or combination of strategies that are initially
selected are evaluated under a wide range of plausible futures (or scenarios) to identify under which combi-
nation of future conditions they fail to meet the performance criteria. The initial candidate strategies can be
selected through a utility or regret analysis (Groves & Lempert, 2007); it can be one or the combination of
more existing future plans, or it can even be the current policy (Matrosov et al., 2013a, 2013b). The behavior
of one or more models of the system under study is systematically assessed and results stored in a database,
forming a portfolio of strategies. Each run of the model is considered a success if it satisﬁes the minimum per-
formance criteria or a failure if it does not. Thresholds are deﬁned and can be either absolute or relative. In the
ﬁrst case, the strategy fails if the performance metric exceeds a certain limit. In the second case, the perfor-
mance criteria are compared to the performance of a benchmark strategy.
Third, the uncertainty analysis and scenario discovery step characterizes the vulnerabilities of the candidate
strategies by identifying sets of scenarios under which they would be under additional stress. Using a
Figure 2. Steps in the robust decision making analysis (adapted from Lempert et al., 2013).
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scenario discovery approach, it is possible to summarize poorly performing cases with a smaller number of
scenarios (Bryant & Lempert, 2010; Groves & Lempert, 2007).
Finally, the performance of individual portfolios for stakeholders is compared across the different metrics
identiﬁed from the ﬁrst step. This provides an additional source of information that decision-makers can
use to design new alternatives that reduce the vulnerabilities of their initial preferred or candidate strategies.
The four steps can be iterated until the different stakeholders or parties compromise on themost robust strat-
egy or one that minimizes regret.
3.2. Integrating Agriculture Into the RDM Framework
Four discrete steps were required to integrate agriculture into the RDM framework; these are brieﬂy outlined
below. Drawing on earlier work (Knox et al., 2013; Weatherhead et al., 2015), a methodology was developed
to estimate the future unconstrained irrigation water demand for each catchment in the Anglian region
under a given set of climate change and socioeconomic scenarios. As a ﬁrst step, agricultural irrigation water
requirements from surface and groundwater sources were modeled for each catchment in the region.
Historical weather data (Compo et al., 2011; Keller et al., 2015) and geospatial soils data for each catchment
were integrated to estimate theoretical irrigation needs (depths applied) for the most important crop cate-
gories in using a soil water balance program (Hess, 1996). Total theoretical volumetric irrigation demand
(Ml) was estimated by combining the theoretical needs (mm) with irrigated area (ha) data for each catch-
ment. Irrigated areas were estimated from cropped areas reported by the government Regional Farm
Business Survey (2010) and Irrigation Survey 2010 (Defra, 2011). In this way, estimates of unconstrained irri-
gation demand were derived for the 2015 baseline, assuming a dry year (deﬁned as the year with a rainfall
with an 80% probability of exceedance). The effect of climate change on irrigation demand was estimated
from projections of future precipitation and reference evapotranspiration (ETo) and an agroclimate index
representing maximum potential soil moisture deﬁcit (PSMDmax). Regression equations that link PSMDmax
with crop water requirements (Knox et al., 1997) were then used to estimate annual unconstrained irrigation
demand (Ml) for each catchment and for any future simulated year, taking into account the spatial variability
of soils and agroclimate across the region.
A second step, drawing on earlier work (Weatherhead et al., 2015; Weatherhead & Knox, 2008), used scenario
analysis techniques to explore four plausible futures for water demand in the Anglian region as a whole and
within the irrigation sector. The four scenarios were based on two axes of social and economic change, ran-
ging from sustainable to uncontrolled demand for material goods and services on one axis and from regio-
nalization to globalization on the other (Environment Agency, 2009). These four scenarios were termed
sustainable regionalization (SR), sustainable globalization, uncontrolled demand regionalization (UR), and
uncontrolled demand globalization. Scenarios were supported by narratives and indicator values to reﬂect
differences in the drivers of change, such as economic growth, water consumption behavior, environmental
regulation, and investment and innovation. The scenarios were then interpreted for UK agriculture and
agricultural policy, relative to the current 2017 situation. The regionalization strategies emphasize greater
self-sufﬁciency in agricultural commodities, with SR assuming increased weight to social and environmental
priorities at the local scale, compared with UR reﬂecting a mainly unconstrained production oriented
approach. The globalization strategies involve greater international connectedness for UK agriculture, with
sustainable globalization assuming targeted compliance with internationally agreed social and environmen-
tal standards, compared with uncontrolled demand globalization that assumes unconstrained world market
agricultural free trade.
Scenario-speciﬁc narratives and a set of metrics were then developed for the regional irrigated sector draw-
ing on earlier work by the Environment Agency (2008) and Knox et al. (2013) to derive growth factors for irri-
gation demand for three main agricultural subsectors (arable, potatoes, and horticulture) under the four
scenarios. For example, under SR the irrigated proportion of all crop subsectors is low, mainly involving tradi-
tional irrigation methods for the seasonal production of high value horticultural crops, constrained by limited
available water. Under UR, however, high commodity prices and preferential access to water result in
increased irrigation across all commodity groups in pursuit of high yields and output. In addition to overall
population growth, the major drivers of irrigation demand were identiﬁed to be the national average annual
consumption per head of the aforementioned agricultural commodity types, the proportion of total crop
consumption grown domestically in England, the proportion irrigated, the average crop yields, irrigation
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depths (relative to technical requirement), and the efﬁciency of irrigation water applied. A scoring framework
was developed and validated using expert judgement by the researchers and key informants to assess the
strength of growth factors affecting water demand relative to the 2015 baseline under each scenario
(Table 1). The symbols (arrows) in Table 1 indicate the direction and magnitude of expected change,
whether an increase, decrease, or no change, and whether the change was large, moderate, or slight.
Historical trends analysis was used to determine a quantitative index of change relative to the baseline
(=1) for each driver over the relevant direction and range of change. For example, indices of change were
derived for food consumption statistics for the United Kingdom from FAOSTAT (2015), agricultural self-
sufﬁciency from Defra (2014) statistics, trends in crop yield from Knox et al. (2016), and irrigated areas and
depths from national irrigation surveys (Defra, 2011) and population estimates from the Ofﬁce of National
Statistics (Ofﬁce for National Statistics, 2015).
In a third step, the scenario approach and demand estimates were tested in a 1-day workshop involving a
dozen key informants speciﬁcally chosen to represent the diverse composition of the UK agricultural and hor-
ticultural sector. The aim of the workshop was to consider the main drivers of change and the uncertainties
likely to impact on future irrigation water demand. The participants were from a mix of technical back-
grounds and included representatives from the industry levy board (Agricultural and Horticultural
Development Board), the National Farmers Union, UK Irrigation Association, independent growers, water user
associations, water company (Anglian Water), and independent researchers with interests in agricultural
water resources. Participants were in general agreement on the high-level drivers shaping future UK agricul-
tural production and how these might translate into impacts within the irrigated sector. These included agri-
cultural and rural policy, food markets and prices, environmental policy, farmer attitudes andmotivation, and
agricultural production and farming systems. Discussions also explored the regional dimensions of these dri-
vers, particularly given the relative intensity of arable farming in the Anglian region. Workshop participants
also identiﬁed major sources of uncertainty affecting irrigation growth factors. These included climate
change and increasing drought risk in the United Kingdom, world market dynamics and global climate-
related risks, and national and regional socioeconomic conditions and policies, including the proposed with-
drawal from the EU Common Agricultural Policy. Participants then worked through selected scenarios to
Table 1
Relative Strength and Direction of Drivers of Irrigation Demand and Growth Factors by Scenario for the WRE Region
Sector
National
consumption
per head
Proportion
UK grown Yield
Cropped
area
Proportion
irrigated
Irrigation
depth
Irrigation
efﬁciency
Irrigation growth factor
2040 2060 2080
Sustainable regionalization
Arable ↑↑ ↑↑ ←→ ↑↑ ↓ ↓ ←→ 1.13 1.04 0.71
Potatoes ↑ ↑↑↑ ←→ ↑↑ ↓ ↓ ←→ 1.07 0.99 0.73
Horticulture ↑↑ ↑↑ ←→ ↑↑ ↓ ↓ ←→ 1.70 1.87 1.42
Total growth 1.39 1.39 1.03
Sustainable globalization
Arable ↑↑ ←→ ↑ ↑ ←→ ↑ ↑↑ 1.06 1.09 1.04
Potatoes ←→ ←→ ↑ ↑ ↑ ↑ ↑↑ 1.13 1.16 1.08
Horticulture ↑↑↑ ←→ ↑↑ ↑↑ ↑ ↑ ↑↑ 2.35 3.42 4.62
Total growth 1.65 2.04 2.40
Uncontrolled demand, regionalization
Arable ↑↑ ↑ ↑↑ ↑ ↑ ↑↑ ↓ 1.34 1.70 3.57
Potatoes ↑ ↑↑ ↑ ↑ ↑ ↑↑ ↓ 1.32 1.58 1.66
Horticulture ↑ ←→ ↑↑ ↑ ↑ ↑↑ ↓ 2.40 3.85 5.65
Total growth 1.81 2.52 3.38
Uncontrolled demand, globalization
Arable ↑ ↓ ↑↑ ←→ ↓ ↑ ↑ 0.82 0.72 0.47
Potatoes ↓ ↓ ↑↑ ↑↑ ↑ ↑ ↑ 0.95 0.86 0.70
Horticulture ↑↑ ↓ ↑↑ ↑↑ ↑↑ ↑ ↑ 1.57 2.21 2.19
Total growth 1.24 1.39 1.25
Note. Total growth in water demand includes allowance for other agricultural irrigation, including biofuels. Irrigation growth factors relative to 2015 baseline (=1).
Score: ↓↓↓ large decrease; ↓↓ moderate decrease; ↓ slight decrease; ←→ no change; ↑ slight increase; ↑↑ moderate increase; ↑↑↑ large increase. WRE = Water
Resources East.
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reassess the growth factors previously generated by the researchers. While there was general agreement
about the direction of change in growth factors for each scenario, views varied about the relative strength
of factors, for example, relating to the degree of change in dietary preferences and in crop yields.
In the ﬁnal step, the researcher and workshop assessments were combined to estimate future irrigation
demand under each scenario (Table 1). Taking the estimates for 2060, for example, the greatest expected
growth in irrigation demand is projected to occur under the UR scenario reﬂecting strong positive increases
across most drivers of demand change, including the proportion of crops irrigated and depths applied.
Irrigation productivity (t/m3 applied), however, falls due to incentives to maximize crop output rather than
economize on water use. Under this scenario, irrigation demand is estimated to increase by a factor of 2.52
compared with the baseline. By comparison, sustainable globalization, characterized by healthier plant-
based diets, retained levels of agricultural self-sufﬁciency, and increased irrigated areas and depths that
are moderated by signiﬁcant increases in irrigation productivity, has an overall growth factor of 2.04 for
the 2060s. The equivalent 2060 estimate for the other two scenarios was 1.39 (Table 1). These estimates of
change in demand (expressed as growth factors) were further combined with estimates of population
growth for each socioeconomic scenario (Ofﬁce for National Statistics, 2015) to derive irrigation demands
for each subsector, under each of the future climate and socioeconomic scenario. The algorithms to calculate
irrigation demand were then integrated into the WRE water resource simulator in order to estimate agricul-
tural demand, both regionally and by catchment.
Figure 3 compares, for example, estimates of irrigation demand for each of the four socioeconomic scenarios
under a near future (2020–2049) climate signal (Guillod et al., 2017) recognizing that for each distribution
function there is an envelope of uncertainty. Irrigation demand under Scenarios 1 and 4 is expected to rarely
exceed 130,000 Ml; in contrast, demand might reach 180,000 Ml in Scenario 2 and almost double to
240,000 Ml in Scenario 3. These probability distributions illustrate the high sensitivity of the demand forecasts
to the assumed prevailing socioeconomic conditions.
Having integrated a module to forecast agriculture irrigation demand into the WRE water resource simulator,
the remaining stages involved portfolio generation and trade-off analyses for a range of simulated interven-
tions. These are brieﬂy considered below, from an agricultural sector perspective.
4. Multicriteria Searches to Identify Multisector Portfolios and Trade-Offs
Using a set of performance metrics, the objective of the RDM process is to identify a robust or least regret
strategy that performs well against a set of key criteria under a wide range of scenarios (Figure 2). In WRE,
the strategy search and subsequent evaluation of intervention portfolios aimed to maximize the reliability
of supply to a range of different water users (PWS, energy, and agriculture) while minimizing investment costs
and negative environmental impact. In this context, strategies were formed by combining multiple interven-
tions to ameliorate the supply-demand imbalances at the local, subregional, and regional scales. These inter-
ventions included construction of new reservoirs or increasing the capacity of existing storage, the use of
desalination plants, increasing wastewater reuse, water transfers either between water resources zones
within the region or from adjacent water companies, leakage reduction, and other efﬁciency-improving
Figure 3. Average distribution function for total irrigation water demand (Ml) in the Water Resources East region for four
selected socioeconomic scenarios under a near-future climatology signal (2020–2049).
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interventions. For irrigated agriculture, the performance of these individual interventions or their
combination could be evaluated against their capacity to satisfy irrigation demand in a design dry year at
regional and catchment levels while also minimizing any negative effects associated with reducing
environmental ﬂows or competing uses. These interventions also need to reﬂect reasonable
implementation cost (both capital [CAPEX] and operational expense [OPEX]). Figure 4 shows the modelled
spatial variation in ‘dry year’ irrigation water demand at both regional level and for selected catchments in
the WRE region; the envelope highlights the associated uncertainty in agricultural demand linked to future
agroclimate and agro-economic scenario (Table 1).
Based on the demand forecast modeling, for irrigated agriculture it is important that any future investment
portfolios or strategies for the region are capable of supplying up to 140,000 Ml/year at the regional level,
but critically that local demand hot spots such as the Cam and Ely Ouse can also be accommodated
(40,000 Ml/year), given their signiﬁcant dependence on water for high value production. Conversely, some
catchments would require modest future water allocations in order to secure future production levels. In
theory, agricultural stakeholders would logically be expected to only select portfolios within a collaborative
approach that maximized regional irrigation supplies. However, in eastern England, irrigation demand is
highly concentrated within a few catchments, mainly due to the distribution of fertile soils and topography
and the current availability of water resources. It is therefore critical not only to consider future water
resource strategies that only meet total regional agricultural demand but also to scrutinize options that
are also robust at subregional level to reduce future vulnerability in irrigation abstraction hot spot catch-
ments; priorities for a regional water strategy thus need to reﬂect important local catchment demands.
Furthermore, some future investment options would inevitably have a strong geographical focus, including
desalination plants and wastewater reuse schemes, which would only support additional agricultural
demand for farms in close proximity to coastal areas and/or near-sewage treatment plants, respectively.
5. Concluding Comments
The application of the multicriteria search and RDM approach has helped develop a more in-depth under-
standing of the water supply vulnerabilities the agricultural sector faces in the region and reconciling how
other sectors (PWS, energy) and the environment are likely to be impacted by water scarcity. The RDM
Figure 4. Modelled variability ‘design’ dry year agricultural irrigation demand under 2020–2049 climate conditions for the
four socio-economic scenarios.
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approach adopted in the WRE study has also stimulated new and proactive cross-sectoral engagement with
portfolios being selected that could facilitate multisector investment (particularly from those who otherwise
would struggle to raise capital) as well as encouraging collective awareness and recognition of the future
challenges facing abstractors from competing sectors. It is anticipated that this preliminary assessment will
underpin further efforts to develop and implement an integrated approach to water resources planning
andmanagement in the region. Involving engagement from a spectrum of stakeholders with shared interests
in water will not only help exploit opportunities for making efﬁciency gains across different investment pro-
grammes but will also reduce the likelihood of stranded assets or maladaptation strategies being implemen-
ted as a response to future drought and water scarcity risks. The RDM approach could be applied to other
natural resource challenges including resolving land use change due to urban development or the conse-
quences for water quality, soil, and nutrient management.
In the context of supporting improved water resources management though RDM, two aspects are critical.
First, there is a need, particularly during periods of drought, for competing sectors to maintain open lines
of communication and to recognize other sector’s speciﬁc water needs, in terms of the importance of peak
timing of water demand. Multisector stakeholder engagement has also identiﬁed the differences that exist
in language and terminology and the importance of framing discussions where participants understand
the fundamental differences between consumptive (agriculture) and nonconsumptive (PWS, energy) uses,
supply versus consumption, as well as impacts of water efﬁciency interventions on water abstractions and
return ﬂows. Ultimately, at the catchment or river basin scale it is the different levels of consumption that
need to be traded off against each other, but at certain locations, it is the abstractions (withdrawals) that
are also important which often create difﬁculties in resolving allocation conﬂicts. Second, there is the issue
regarding water source and for the WRE region the high dependence on groundwater for PWS and agricul-
ture, particularly where groundwater fed streams support important aquatic ecosystems. There is also the
role that aquifers in the region can provide a short-term (seasonal) buffer during drought events and their
future utility as a bank or trading facility for supporting water markets. Although groundwater offers major
scope in providing resilience to drought stress, initial modeling within the WRE study has identiﬁed that
the volume of groundwater abstracted for agriculture and PWS may need to be substantially curtailed, in
some cases, to levels that are half of that which is currently assumed available.
Through an empirical application, this paper has attempted to link ongoing debates surrounding long-term,
multisector water resource strategies, the opportunity for trade-offs between competing sectors, and the
need for collaborative investments and shared risks in water resources planning and management. This is
fundamentally important because, despite being a key economic sector in the region, agriculture is often
marginalized in water resources decision making due to its low demand and low perceived economic value
compared to other sectors. However, the demand for irrigation in the region is predicted to increase signiﬁ-
cantly due to a changing climate and population growth, principally due to dietary changes linked with socio-
economic development. In this context, the RDM approach helps provide valuable insights and a useful
framework through which decision-makers and stakeholders can scrutinize competing demands and identify
robust portfolios that meet multisector needs while providing appropriate levels of resilience under multiple
future scenarios.
There is also a need for equivalence in the RDM process in terms of individual sector treatment, to reﬂect
the LoS needed for PWS, the relative water values within different sectors, the environmental objectives
assumed in the RDM approach (EFR could be viewed as a rather crude metric of environmental perfor-
mance), and identiﬁcation of business critical risks linked to water. For the agricultural sector, the impor-
tance of water in adding value needs clear recognition, and prioritization of water use between different
sectors needs further consideration. Options for water trading and considering impacts of water invest-
ment in the region on the sustainability of rainfed versus irrigated production also warrant further atten-
tion. Finally, while fostering an increased level of collaboration between stakeholders, particularly between
PWS and agriculture that was identiﬁed as a key priority at the outset, some concerns were raised regard-
ing rules of engagement and the need to create common ground for understanding and building of trust.
Historically, there have been tensions between the water companies and the agricultural sector, but the
RDM approach in WRE was widely endorsed as a new opportunity to strengthen relationships and under-
pin long-term strategic collaboration. Under these conditions, there will be an onus on sharing and devel-
oping information, to explore in a transparent way the technical and economic viability of resource
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investments and to recognize and understand the emergent water needs for agriculture, energy, and PWS
sectors. Although rising demands will create tensions regarding water allocation and prioritization, it will
inevitably be under drought conditions that the more thorny trade-offs between these competing sectors
will take place. The fundamental question is whether collaboration and a genuine willingness to engage
during periods of high water security can be maintained during periods of extreme resource scarcity.
The RDM approach has not provided all the solutions, but a robust mechanism through which constructive
progress can be evidenced.
References
Adger, W. N., Dessai, S., Goulden, M., Hulme, M., Lorenzoni, I., Nelson, D. R., et al. (2009). Are there social limits to adaptation to climate
change? Climatic Change, 93(3), 335–354.
Bates, B. C., Kundzewicz, Z. W., Wu, S., & Palutikof, J. P. (2008). Climate change and water. Technical Paper of the Intergovernmental Panel on
Climate Change, (p. 210). Geneva: IPCC Secretariat.
Borgomeo, E., Hall, J. W., Fung, F., Watts, G., Colquhoun, K., & Lambert, C. (2014). Risk-based water resources planning: Incorporating prob-
abilistic nonstationary climate uncertainties. Water Resources Research, 50, 6850–6873. https://doi.org/10.1002/2014WR015558
Bryant, B. P., & Lempert, R. J. (2010). Thinking inside the box: A participatory, computer-assisted approach to scenario discovery.
Technological Forecasting and Social Change, 77(1), 34–49.
Charlton, M. B., & Arnell, N. W. (2011). Adapting to climate change impacts on water resources in England—An assessment of draft water
resources management plans. Global Environmental Change, 21(1), 238–248.
Compo, G. P., Whitaker, J. S., Sardeshmukh, P. D., Matsui, N., Allan, R. J., Yin, X., et al. (2011). The twentieth century reanalysis project. Quarterly
Journal of the Royal Meteorological Society, 137(654), 1–28.
Daccache, A., Keay, C., Jones, R. J., Weatherhead, E. K., Stalham, M. A., & Knox, J. W. (2012). Climate change and land suitability for potato
production in England and Wales: Impacts and adaptation. Journal of Agricultural Science, 150(2), 161–177.
Defra, (2008). Future water: The government’s water strategy for England. Secretary, pp.1–98.
Defra, (2011). Water usage in agriculture and horticulture. Results from the Farm Business Survey 2009/10 and the Irrigation Survey 2010.
Defra, (2012). UK climate change risk assessment 2012 evidence report, London https://www.gov.uk/government/uploads/system/uploads/
attachment_data/ﬁle/69487/pb13698-climate-risk-assessment.pdf
Defra (2014). Overseas trade in food, feed and drink: annual statistics on the value and quantity of overseas trade in food, feed and drink
https://www.gov.uk/government/statistical-data-sets/overseas-trade-in-food-feed-and-drink
Dessai, S., & Hulme, M. (2007). Assessing the robustness of adaptation decisions to climate change uncertainties: A case study on water
resources management in the east of England. Global Environmental Change, 17(1), 59–72.
Environment Agency (2008). Water resources in England and Wales—Current state and future pressures, (p. 21). Bristol: EA.
Environment Agency, (2009). Water for people and the environment. Water resources strategy for England and Wales.
Environment Agency, (2012). Water resources planning guideline: The guiding principles for developing a water resources management plan.
Environment Agency, (2013). Managing water abstraction.
European Environment Agency, (2014). Digest of EEA indicators 2014. Publication Ofﬁce of the European Union, Luxembourg https://www.
eea.europa.eu/publications/digest-of-eea-indicators-2014 (accessed: December 2017).
Falloon, P., & Betts, R. (2010). Climate impacts on European agriculture and water management in the context of adaptation and mitigation
—The importance of an integrated approach. Science of the Total Environment, 408(23), 5667–5687.
FAO (2015). FAOSTAT Statistical Databases. Food and Agriculture Organization of the United Nations (FAO), Rome, Italy, pp. 248.
Giorgi, F., Im, E. S., Coppola, E., Diffenbaugh, N. S., Gao, X. J., Mariotti, L., & et al. (2011). Higher hydroclimatic intensity with global warming.
Journal of Climate, 24(20), 5309–5324.
Groves, D. G., & Lempert, R. J. (2007). A new analytic method for ﬁnding policy-relevant scenarios. Global Environmental Change, 17(1),
73–85.
Guillod, B. P., Jones, R. G., Bowery, A., Haustein, K., Massey, N. R., Mitchell, D. M., et al. (2017). weather@home2: Validation of an improved
global–regional climate modeling system. Geoscientiﬁc Model Development, 10(5), 1849.
Hall, J. W., Lempert, R. J., Keller, K., Hackbarth, A., Mijere, C., & McInerney, D. J. (2012a). Robust climate policies under uncertainty: a com-
parison of robust decision making and info-gap methods. Risk Analysis, 32(10), 1657–1672.
Hall, J. W., Watts, G., Keil, M., de Vial, L., Street, R., Conlan, K., et al. (2012b). Towards risk-based water resources planning in England andWales
under a changing climate. Water Environment Journal, 26(1), 118–129.
Hess, T. (1996). A micro-computer scheduling program for supplementary irrigation. Computers and Electronics in Agriculture, 15, 233–243.
Hess, T. M., Knox, J. W., Kay, M. G., & Weatherhead, E. K. (2010). Managing the water footprint of irrigated food production in England and
Wales. In R. E. Hester, & R. M. Harrison (Eds.), Issues in environmental science and technology 31: Sustainable water, (p. 185).
Hine, D., & Hall, J. W. (2010). Information gap analysis of ﬂood model uncertainties and regional frequency analysis.Water Resources Research,
46, W01514. https://doi.org/10.1029/2008WR007620
Keller, V. D. J., Tanguy, M., Prosdocimi, I., Terry, J. A., Hitt, O., Cole, S. J., et al. (2015). CEH-GEAR: 1 km resolution daily and monthly areal rainfall
estimates for the UK for hydrological and other applications. Earth System Science Data, 7(1), 143–155.
Kernan, M., Battarbee, R. W., & Moss, B. R. (Eds) (2010). Climate change impacts on freshwater ecosystems. Chichester, UK: John Wiley & Sons.
Knox, J., Daccache, A., Hess, T., & Haro, D. (2016). Meta-analysis of climate impacts and uncertainty on crop yields in Europe. Environmental
Research Letters, 11(11), 113004. https://doi.org/10.1088/1748-9326/11/11/113004
Knox, J. W., Daccache, and Weatherhead, E. K., Groves, S., and Hulin, A. (2013). Assessment of the impacts of climate change and changes in
land use on future water requirement and availability for farming, and opportunities for adaptation (FFG1129): (Phase I) Final Report.
Knox, J., Morris, J., & Hess, T. (2010). Identifying future risks to UK agricultural crop production: Putting climate change in context. Outlook on
Agriculture, 39(4), 249–256.
Knox, J. W., Morris, J., Weatherhead, E. K., & Turner, A. P. (2000). Mapping the ﬁnancial beneﬁts of sprinkler irrigation and potential ﬁnancial
impact of restrictions on abstraction: A case-study in Anglian Region. Journal of Environmental Management, 58(1), 45–59.
Knox, J. W., Weatherhead, E. K., & Bradley, R. I. (1997). Mapping the total volumetric irrigation water requirements in England and Wales.
Agricultural Water Management, 33, 1–18.
10.1002/2017EF000741Earth's Future
KNOX ET AL. 1469
Acknowledgments
The authors acknowledge funding
support from Anglian Water Services
(AWS) and access to data from the WRE
project. The authors are grateful to
Stuart Smith and James Tomlinson
(Atkins) and Evgenii Matrosov
(University of Manchester) for their
technical support regarding the water
resource simulator and Polyvis
modeling and Geoff Darch (AWS) for
detailed critique on the manuscript. The
research used climatology data from
the NERC programme on Droughts and
Water Scarcity, funded through the
MaRIUS (NE/L010186/1) project. The
supporting data referred to in this
article can be accessed at https://].org/
10.17862/cranﬁeld.rd.5914387.
Editor-in-Chief’s Note: Signiﬁcant
material has been removed from the
Accepted Article published 26 February
2018 in response to a dispute among
research teams.
Lempert, R. J., Popper, S. W., Groves, D. G., Kalra, N., Fischbach, J. R., Bankes, S. C., et al. (2013). Making good decisions without predictions:
Robust decision making for planning under deep uncertainty. Santa Monica, California: RAND Corporation.
Lempert, R. J., & Collins, M. T. (2007). Managing the risk of uncertain threshold responses: Comparison of robust, optimum, and precautionary
approaches. Risk Analysis, 27(4), 1009–1026.
Lempert, R. J., Groves, D. G., Popper, S. W., & Bankes, S. C. (2006). A general, analytic method for generating robust strategies and narrative
scenarios. Management Science, 52(4), 514–528.
Matrosov, E. S., Padula, S., & Harou, J. J. (2013a). Selecting portfolios of water supply and demand management strategies under uncertainty
—Contrasting economic optimisation and ‘robust decision making’ approaches. Water Resources Management, 27(4), 1123–1148.
Matrosov, E. S., Woods, A. M., & Harou, J. J. (2013b). Robust decisionmaking and info-gap decision theory for water resource system planning.
Journal of Hydrology, 494, 43–58.
Moser, S. C., & Ekstrom, J. A. (2010). A framework to diagnose barriers to climate change adaptation. Proceedings of the National Academy of
Sciences, 107(51), 22026–22031.
Natural England, (2013). MAGiC http://www.natureonthemap.naturalengland.org.uk/home.htm
Ofﬁce for National Statistics, (2015). 2014-base national population projections https://www.ons.gov.uk/peoplepopulationandcommunity/
populationandmigration/populationprojections/bulletins/nationalpopulationprojections/2015-10-29
Ofﬁce for National Statistics, (2016). Regional gross value added (income approach) reference tables.
Otto, A., Hall, J. W., Hickford, A. J., Nicholls, R. J., Alderson, D., Barr, S., & et al. (2016). A quantiﬁed system-of-systems modeling framework for
robust national infrastructure planning. IEEE Systems Journal, 10(2), 385–396.
Padula, S., Harou, J. J., Papageorgiou, L. G., Ji, Y., Ahmad, M., & Hepworth, N. (2013). Least economic cost regional water supply planning—
Optimizing infrastructure investments and demand management for South East England’s 17.6 million people. Water Resoures
Management. https://doi.org/10.1007/s11269-013-0437-6
Rey, D., Holman, I. P., & Knox, J. W. (2017). Developing drought resilience in irrigated agriculture in the face of increasing water scarcity.
Regional Environmental Change, 17(5), 1527–1540.
Sadoff, C., and Muller, M (2015). Water management, water security and climate change adaptation: Early impacts and essential responses,
Global Water Partnership TEC Background Papers No14, pp 88.
Sayers, P. B., Galloway, G. E., & Hall, J. W. (2012). Robust decision-making under uncertainty—Towards adaptive and resilient ﬂood risk
management infrastructure. In Flood risk: Planning, design and management of ﬂood defense infrastructure, (pp. 281–302). ICE Publishing.
Swiss Agency for Development and Cooperation (2015). Water 2015: Policy principles and strategic guidelines for integrated water
resources management-IWRM. Swiss Agency for Development and Cooperation https://www.shareweb.ch/site/Water/Documents/
Water%202015_EN.pdf
Shortridge, J. E., Guikema, S. D., & Zaitchik, B. F. (2016). Machine learning methods for empirical streamﬂow simulation: A comparison of
model accuracy, interpretability, and uncertainty in seasonal watersheds. Hydrology and Earth System Sciences, 20(7), 2611.
Stern, N. (2006). What is the economics of climate change? World Economics Henley on Thames, 7(2), 1.
von Lany, P. H., Choudhury, F., Hepworth, N., & Akande, K. (2013). Applying optimisation and uncertainty analysis to help develop an inte-
grated water resources plan for South East England. Water Resources Management, 27(4), 1111–1122.
Water UK, (2015). Water resources long-term planning framework (2015–2065).
Watts, G., Battarbee, R. W., Bloomﬁeld, J. P., Crossman, J., Daccache, A., Durance, I., et al. (2015). Climate change and water in the UK—Past
changes and future prospects. Progress in Physical Geography, 39(1), 6–28.
Weatherhead, E. K., and Knox, J. W. (2008). Demand forecasting water resources for agricultural irrigation. Final Report to the EA August 2008.
Weatherhead, K., Knox, J., Hess, T., & Daccache, A. (2015). Exploring irrigation futures: developments in demand forecasting. Outlook on
Agriculture, 44(2), 119–126.
Weaver, C. P., Lempert, R. J., Brown, C., Hall, J. A., Revell, D., & Sarewitz, D. (2013). Improving the contribution of climate model information to
decision making: The value and demands of robust decision frameworks. Wiley Interdisciplinary Reviews. Climate Change, 4(1), 39–60.
Wilby, R. L., & Dessai, S. (2010). Robust adaptation to climate change. Weather, 65(7), 180–185.
10.1002/2017EF000741Earth's Future
KNOX ET AL. 1470
